The role of monocytes in acute endotoxemia has been ascribed to systemic release of mediators within the central circulation. Little is known about the potential role of "marginated" monocytes in regulating microvascular inflammatory signaling. Objectives: To investigate whether lung-marginated monocytes can locally activate pulmonary endothelial cells through cell contactdependent interactions in early endotoxemia. Methods: Mice were challenged with LPS to produce acute endotoxemia and pulmonary vascular injury. Adoptive transfer of ex vivo LPS-stimulated donor leukocytes to recipient mice was also performed to evaluate cell-associated inflammatory signaling between monocytes and endothelial cells within the lung. Cell suspensions from excised lungs were analyzed by flow cytometry for expression of tumor necrosis factor ␣ (TNF-␣) on monocytes and cell adhesion molecules on endothelial cells. Results: Substantial numbers of monocytes rapidly marginated to the lungs after endotoxin challenge in mice, and lung-marginated monocytes expressed significantly higher levels of membrane TNF than circulating monocytes, due to higher TNF production by the marginated cells. Injection of activated wild-type donor leukocytes to wild-type or TNF receptor double knockout recipients demonstrated that lung-marginated monocytes can induce TNF-dependent upregulation of adhesion molecules on pulmonary endothelial cells. Injection of activated donor leukocytes from TNF knock-in mice that express uncleavable mutant membrane TNF also induced adhesion molecule upregulation in wild-type recipients without a systemic soluble TNF release. Conclusions: These results reveal a previously unacknowledged role for lung-marginated monocytes in early endotoxemia, exerting local, cell-associated TNF signaling within the pulmonary microcirculation, contributing to the evolution of pulmonary vascular injury.
actively respond to inflammatory stimuli in vitro by releasing mediators such as the cytokine tumor necrosis factor ␣ (TNF-␣). However, the in vivo role of monocytes in endotoxin shock has not been well defined, in particular during the early phase, a period of intense inflammatory signaling long before the chronic mononuclear infiltration in the later stages of sepsis-associated organ injury (3) (4) (5) . It is generally assumed that circulating monocytes contribute to the increased plasma levels of cytokines during endotoxemia, but the major portion of plasma TNF response to LPS has been shown to originate from tissue macrophages, particularly liver Kupffer cells (6, 7) . Hence, monocytes may not be major contributors to systemic release of cytokines and generalized activation of immune and endothelial cells in endotoxemia (8) .
Blood monocytes, due to their adhesive interactions with endothelial cells before extravasation, are distributed approximately equally between the central circulation (circulating pool) and the microvasculature (marginated pool) (9) (10) (11) (12) . It is well established that monocytes actively migrate into tissue at sites of endothelial injury and locally regulate chronic inflammation (e.g., atherosclerosis) (13) . However, the potential role of "marginated" monocytes within the intravascular space in modulating microvascular inflammatory signaling during acute endotoxemia has not been defined. TNF is a critical mediator in experimental models of endotoxin shock as well as human meningococcal septicemia (14, 15) . TNF is first expressed as a membrane-bound protein (memTNF) and then its extracellular domain is cleaved by TNF-␣-converting enzyme (TACE) to produce a soluble cytokine (solTNF) (16, 17) . There is growing evidence that memTNF is bioactive in cell-to-cell interactions (18) (19) (20) (21) , and that solTNF also signals in a paracrine fashion to adjacent cells unless an excessive amount is produced that spills over into the central circulation (22) . For such cell-associated, highly localized TNF signaling, circulating monocytes are not candidates because of their continuous movement. In contrast, marginated monocytes, in close, direct contact with endothelial cells, may exert such cell-associated microvascular TNF signaling via memTNF and/or locally released solTNF.
We hypothesized that marginated monocytes, as opposed to circulating monocytes, play a crucial role in early endotoxemia, locally activating microvascular endothelial cells through direct cell-to-cell interactions, particularly within the pulmonary circulation, contributing to the progression of acute lung injury. Using an LPS-induced model of endotoxin shock and associated pulmonary vascular injury in mice (23), we found that substantial numbers of monocytes rapidly marginated to the lungs after LPS challenge where they express memTNF and solTNF at significantly higher levels than circulating monocytes. In vivo adoptive leukocyte transfer experiments using wild-type (WT) as well as TNF-mutant and TNF-receptor double knockout (DKO) mice indicated that marginated monocytes are capable of activating endothelial cells within the pulmonary microcirculation, upregulating cell adhesion molecules (CAMs) via local, cell-contact, and TNFdependent mechanisms. Some of the results of these studies have been previously reported in the form of abstracts (24-26).
METHODS

Animals
All protocols were reviewed and approved by the U.K. Home Office, in accordance with the Animals (Scientific Procedures) Act 1986, United Kingdom. Experiments were performed using male C57BL6 mice (Charles River, Margate, UK) aged 8 to 12 wk, age-matched TNFreceptor DKO mice (p55 Ϫ/Ϫ p75 Ϫ/Ϫ ) backcrossed onto its WT C57BL6 strain for five generations (Amgen, Thousand Oaks, CA) (27, 28) , or aged-matched TNF knock-in (KI) mice (memTNF ⌬/⌬ ), which were rendered deficient in cleavage of memTNF by the replacement of TACE-sensitive TNF amino acid sequence (background C57BL6; DNAX, Palo Alto, CA) (29) .
Endotoxin-induced Pulmonary Vascular Injury in Mice
Mice received an intravenous (via tail vein) or intraperitoneal injection of 0.02 to 200 g of LPS (Escherichia coli O111:B4; Sigma, Poole, UK). We have previously shown that an LPS injection of 20 g or more produced progressive circulatory failure and pulmonary vascular injury in C57BL6 mice over several hours (23) . At 15 to 120 min after LPS injection, mice were heparinized intravenously and killed by isoflurane overdose. Blood was obtained by cardiac puncture, and their lungs were excised with care taken to avoid the hilum connective tissues.
Donor-recipient Model of Pulmonary Vascular Inflammation in Mice
Leukocyte-enriched suspensions, prepared from donor mouse blood by dextran separation followed by ammonium chloride-induced red blood cell lysis, were incubated with 0.1 g LPS for 10 min at 37ЊC and then placed on ice. After washing four times (200 ϫ g at 4ЊC for 5 min) to remove LPS, cells were resuspended in saline and viable cells counted using Trypan blue. Cells were then injected intravenously into recipient mice, which were killed after 4 h and the lungs excised. In some experiments, after exposure to LPS, cells were labeled with 2.5 M 5-(and 6-)carboxyfluorescein-diacetate-succinimidyl-ester (CFSE) (Molecular Probes, Leiden, The Netherlands) for 5 min at room temperature (30) , washed, and then injected into recipients.
Preparation of Lung Cell Suspension
Lung cell suspensions were prepared from the excised lungs either by mechanical disruption, as described previously (23, 31) , or by mechanical disruption plus collagenase treatment. For quantitation and characterization of lung monocytes, finely minced lung tissue was homogenized on a 70-m nylon mesh sieve (BD Falcon, Oxford, UK) with a syringe plunger. In some animals, lung lavage was performed, before excising the lungs, with 750 l of saline as described previously (28, 32) . For determination of in situ memTNF levels on lung monocytes, minced lung tissues were homogenized, and then immediately placed on ice, and 10 M BB94 (British Biotech, Abingdon, UK), a hydroxamatebased TACE inhibitor, was added to minimize changes in memTNF levels during analysis. Blood was also treated in a similar fashion to the lung samples (i.e., at room temperature during mincing of the lungs, cooled, and BB94 added) to compare memTNF levels between lung and blood monocytes. For extraction of endothelial cells and measurement of CAM expression, minced lung tissue was incubated in collagenase type IV (Sigma) at 1 mg/ml for 15 min at 37ЊC and homogenized. Cell suspensions were flushed through sieves, resuspended in ice-cold fluorescence-activated cell sorter medium (phosphate-buffered saline with 2% fetal calf serum, 0.1% sodium azide, and 5 mM ethylenediaminetetraacetic acid).
Ex Vivo Determination of TNF Production by Lung and Blood Cells
Mice were killed 30 min after 20 g intraperitoneal LPS injection, and lung cell suspensions prepared by mechanical disruption with the addition of CO 2 -independent medium (Invitrogen, Paisley, UK) plus 10% fetal calf serum, and blood diluted 1 in 10 in the same medium. Cells were incubated in a 37ЊC water bath for 30 min with or without 10 M of BB94. Levels of memTNF were determined by flow cytometry, and in situ TNF production estimated by memTNF at 30 min with BB94 minus memTNF at 0 min, and TNF cleavage estimated by memTNF at 30 min with BB94 minus memTNF at 30 min without BB94.
Flow Cytometric Analysis
Cells were stained in the dark at 4ЊC for 30 min with fluorophoreconjugated antimouse antibodies for TNF (clone MP6-XT22), CD11b (M1/70), CD34 (RAM34), platelet-endothelial CAM (PECAM)-1 (MEC13.3), vascular CAM (VCAM)-1 (429), E-selectin (10E9.6; BD Pharmingen, Oxford, UK), F4/80 (Serotec, Oxford, UK), or appropriate isotype-matched control antibodies. In experiments involving blood, red blood cell lysis and fixation were performed using fluorescenceactivated cell sorter-lyse solution (BD Pharmingen). Samples were acquired (a minimum of 1,000 gated monocytes were acquired per sample) and analyzed using a FACSCalibur flow cytometer and Cell Quest software (BD Pharmingen). Absolute cell counts in samples were determined using microspheres beads (Catlag Medsystems, Towcester, UK), as previously described (31) .
SolTNF Measurement
Levels of solTNF were measured by ELISA (R&D Systems, Minneapolis, MN). Levels of bioactive solTNF were determined by the WEHI 164 cytotoxicity assay as previously described (32, 33) , using a recombinant TNF protein (410-MT; R&D Systems) as the standard.
Statistical Analysis
Data are expressed as mean Ϯ SD. Statistical comparisons were made by t tests or analysis of variance with Scheffé 's tests. Statistical significance was defined as p Ͻ 0.05.
RESULTS
MemTNF Expression on Circulating Monocytes after LPS Challenge
To define the timing of the monocyte TNF response relative to the systemic release of TNF into the circulation, we measured solTNF levels in plasma and memTNF expression on circulating monocytes in LPS-challenged mice ( Figures 1A and 1B) . After intravenous LPS challenge (200 g), plasma solTNF peaked at 60 min, whereas memTNF expression was detected on blood monocytes (identified by CD11b and F4/80 expression) at 30 min and maintained until 60 min. Quantification of blood monocytes indicated that LPS challenge produced a rapid and severe monocytopenia ( Figure 1C) , which preceded or coincided with memTNF expression on circulating monocytes.
Flow Cytometric Analysis of memTNF Expression on Lung-marginated Monocytes
To quantify monocyte margination to the lung and evaluate their in situ activation in mice, we developed a flow cytometry-based method by modifying our previous method of detecting neutrophil sequestration in the whole lung of mice (31) . Lung cell suspensions were prepared from the excised lungs of mice injected intravenously with saline or LPS, by mechanical disruption without enzymatic digestion. Monocytes were differentiated from alveolar macrophages, which are negative for CD11b with high forward/side scatter and substantial autofluorescence, and from neutrophils, which are negative for F4/80 with high side scatter ( Figure 2A ). Monocytes in lung and blood samples displayed identical phenotypes by flow cytometry (not shown), indicating that our extraction method did not substantially influence the surface marker expression of lung cells. We found that lung monocytes showed a large increase at 45 min after LPS injection (6.98 Ϯ 2.49 ϫ 10 5 /mouse) compared with saline-challenged control animals (3.17 Ϯ 0.81 ϫ 10 5 /mouse, n ϭ 4/group, p Ͻ 0.05). Cells displaying monocyte phenotype were absent in lung lavage of both saline-and LPS-injected mice. In LPS-challenged mice, memTNF expression was detected (45 min postinjection) on lung monocytes but not on alveolar macrophages ( Figure 2B ), indicating that the monocytes marginated to the lung were also activated by LPS, but cell activation was restricted to the intravascular compartment in this early stage of endotoxemia.
Lung-marginated Monocytes Express More TNF than Circulating Monocytes
We then compared the levels of memTNF and solTNF expression by the lung-marginated and circulating monocytes in response to LPS. LPS (0.02-200 g) was administered to mice via the intraperitoneal rather than intravenous route to avoid any abrupt exposure of the lung cells to undiluted LPS. We confirmed that intraperitoneal injection of LPS (45 min after 20 g injection; n ϭ 4) produced a similar increase in lung monocyte number (7.37 Ϯ 1.18 ϫ 10 5 / mouse) and a similar degree of monocytopenia (4.95 Ϯ 0.93 ϫ 10 4 /ml) to those observed with intravenous injection. At 45 min after intraperitoneal LPS challenge, lung-marginated monocytes expressed significantly more memTNF per cell than circulating monocytes ( Figure 3A ) at all the LPS doses (p Ͻ 0.01). At lower LPS doses of 0.02 to 0.2 g, memTNF could be reproducibly detected on lung but not blood monocytes. In saline-treated control mice, lung as well as blood monocytes never displayed significant memTNF expression.
To estimate in situ TNF production and processing by these lung-marginated and circulating monocytes, samples were harvested 30 min after LPS challenge (when memTNF was first detected on the monocyte surface), and then incubated ex vivo for a further 30 min, with or without a saturating dose of BB94, which produced greater than 95% inhibition of TNF cleavage. TNF production by these cells was assessed by accumulation of memTNF during the incubation with BB94, and TACE-mediated TNF cleavage was assessed by the difference between memTNF levels at the end of incubation with and without BB94 ( Figure 3B ). Both indices were much higher in lung than in blood monocytes (p Ͻ 0.05), consistent with higher memTNF expression being associated with increased solTNF release by these monocytes.
Flow Cytometric Detection of In Vivo CAM Upregulation on Pulmonary Endothelial Cells
To evaluate the degree of pulmonary microvascular inflammation in mice in vivo, we further modified the above flow cytometric method for detection of in vivo CAM upregulation on pulmonary endothelial cells. Pulmonary endothelial cells were identified in collagenase-digested lung cell suspensions as high PECAM-1 expressing cells (34, 35) , which were also uniformly positive for CD34, consistent with the microvascular origin of these cells (Figure 4) (35) . Mice injected intravenously with high doses of LPS (200 g) or recombinant TNF (1 g) displayed substantial upregulation of VCAM-1 and E-selectin expression on high PECAM-1-positive cells at 4 h after challenge. Thus, the method provides a sensitive technique to detect in vivo upregulation of VCAM-1 and E-selectin on pulmonary endothelial cells, as previously shown by immunohistology in response to intravenous TNF challenge (36) .
Monocytes Upregulate CAMs on Pulmonary Endothelial Cells via Cell-associated TNF Signaling
To investigate the effects of "local" cell-associated TNF signaling exerted by the lung-marginated monocytes, independent from the effects of "systemic" TNF signaling exerted by the circulating solTNF derived from the whole body MPS, we developed a donor-recipient model of pulmonary microvascular inflammation. Activated donor leukocytes were injected intravenously into a recipient mouse, where they were expected to produce cellassociated signaling in the lung microvasculature, with minimal involvement of the systemic proinflammatory response. In vitro incubations of donor leukocytes, with BB94 to enhance the memTNF signal, indicated that only monocytes produced TNF ( Figure 5A ), for a period up to 60 min after stimulation.
Using this model, we investigated the ability of activated donor monocytes to upregulate CAM expression on pulmonary endothelial cells in recipient mice. TNF dependency of such cell-associated signaling was evaluated using TNF receptor DKO mice (p55 Ϫ/Ϫ p75 Ϫ/Ϫ ) as recipients. In WT recipients receiving 5 ϫ 10 6 activated donor leukocytes (3.41 Ϯ 0.47 ϫ 10 5 donor monocytes), we found significant increases in VCAM-1 and E-selectin expression on pulmonary endothelial cells at 4 h after injection ( Figure 5B ). When untreated WT donor leukocytes were injected into WT recipients, no change in CAM expression was observed. CAM upregulation was substantially attenuated in DKO recipients (p Ͻ 0.05): that is, approximately 80% of VCAM-1 and 95% of E-selectin upregulation was dependent on TNF signaling. Injection of CFSE-labeled activated donor monocytes resulted in a similar recovery of CFSE-positive monocytes from the lungs of both WT (33 Ϯ 7%, n ϭ 4) and DKO recipients (34 Ϯ 2%, n ϭ 3) at 60 min after injection, confirming that margination characteristics of donor monocytes are not affected by the absence of TNF signaling.
To assess the possible contribution of whole body circulating solTNF in this model, plasma levels of bioactive solTNF were measured in WT recipients. A time point of 1 h after donor leukocyte injection was chosen, which on the basis of in vivo LPS challenge data represents the time at which plasma solTNF would peak. The WEHI bioassay indicated bioactive solTNF levels of 224 Ϯ 91 pg/ml (n ϭ 4), using a recombinant TNF (R&D Systems) as the standard. In a separate group of WT mice, the same recombinant TNF was injected intravenously, the lungs were analyzed by flow cytometry after 3.5 h, and an in vivo dose-response curve relating the dose of TNF and the levels of CAM upregulation on pulmonary endothelial cells was constructed ( Figure 6 ). On this curve, extrapolation of the mean fluorescent intensity values of CAM expression obtained in the donor-recipient experiments ‫ف(‬ 40 for VCAM-1 and ‫ف‬ 4 for E-selectin) corresponds to a dose of 40 to 50 ng of recombinant TNF. This implies that a greater than 100-fold higher plasma solTNF concentration than was actually detected would be required to induce the observed levels of CAM upregulation, assuming approximately 2 ml of circulating blood volume for mice.
Monocytes Activate Pulmonary Endothelial Cells via memTNF Signaling
To further separate the effects of contact-dependent "memTNF" signaling by the lung-marginated monocytes from the effects of solTNF locally released by these monocytes within the microvasculature, we used donor cells from mutant TNF KI mice (memTNF
). Previous characterization of these mice indicated that levels of solTNF released in response to LPS were undetectable, whereas levels of memTNF expression were slightly lower than those in WT mice (29) . Injection of 5 to 10 ϫ 10 6 activated KI donor leukocytes (4.89 Ϯ 1.58 ϫ 10 5 donor monocytes) into WT recipients produced significant increases, albeit lower than those observed with WT donor leukocytes, in both VCAM-1 and E-selectin expression on pulmonary endothelial cells at 4 h after injection (Figure 7) . However, levels of solTNF in plasma at 1 h after injection were undetectable by both WEHI assay (detection limit, ‫ف‬ 0.5 pg/ml) and ELISA (detection limit, ‫ف‬ 7 pg/ml). Thus, in the absence of a solTNF response, signaling by monocytes was reduced but still sufficient to induce endothelial activation, suggesting the presence of cell contact-dependent memTNF signaling by marginated monocytes in the pulmonary microcirculation.
To confirm the contact-dependent TNF signaling capacity of activated mouse monocytes, we developed an in vitro bioassay system based on coculture of live mouse leukocytes with endothelial cells, and found that leukocytes from WT as well as TNF 
DISCUSSION
The present study demonstrated that monocytes were rapidly sequestered by the pulmonary circulation in response to acute endotoxemia, where they produced TNF-mediated CAM upregulation on pulmonary endothelial cells. A considerable number of additional monocytes (Ͼ 3.5 ϫ 10 5 cells) marginated to the lung, accounting for more than 50% of estimated total circulating monocyte number (6.2 ϫ 10 5 cells) for mice (9) . Although there is some evidence in the literature suggesting a large LPS-induced shift of monocytes from circulating to marginated pools (37) (38) (39) , in particular to the lung (40), the biological role of lung-marginated monocytes in the pathophysiology of acute endotoxemia has not been addressed. Using a method to quantitate in situ TNF expression by monocytes and CAM expression by endothelial cells in the lung and a technique of adoptive leukocyte transfer, we provide the first in vivo evidence of a previously unacknowledged "local" (by marginated monocytes), as opposed to "systemic" (by circulating monocytes), role of monocytes in acute endotoxemia and associated pulmonary vascular injury. The results suggest that lung-marginated monocytes, through direct and early activation of endothelial cells, may have a pivotal role in orchestrating inflammatory signaling within the pulmonary microvasculature during endotoxemia.
The contribution of blood monocytes to lung inflammation in endotoxemia has mainly been ascribed to a late period (24-48 h) after endotoxin challenge. Previous studies reported that accumulation of monocytes/macrophages within the lung was not evident until 24 h after LPS challenge in mice (5, 41). However, these studies performed perfusion of pulmonary vessels before 5 monocytes) was assessed in WT and TNF-receptor double knockout (DKO) recipients by flow cytometry (n ϭ 5-6/group). Levels of CAM are expressed as the MFI with values of isotype controls subtracted. TNFreceptor DKO mice exhibited similar baseline levels of VCAM-1 and E-selectin expression compared with WT mice (n ϭ 4/group; data not shown), so only WT untreated controls were used for reference in each donor-recipient experiment run. CAM upregulation on endothelial cells were substantially attenuated in TNF-receptor DKO recipients, as compared with WT recipients. *p Ͻ 0.05, different from each other; † p Ͻ 0.01, different from WT untreated (ANOVA with Scheffé's tests).
the harvest of lung tissues, focusing mainly on migrating monocytes/macrophages in the intraalveolar and interstitial compartments. There was no evidence for monocyte extravasation for up to 6 h after LPS challenge, but the design of the experiments excluded analyses of any role of adherent intravascular monocytes before extravasation. Using a flow cytometry-based approach that enables access to cells in all lung compartments, including the intravascular space (see Figure 2A) , we found that considerable numbers of monocytes, relative to the total circulating pool, were already present in the lungs of normal mice, which Figure 6 . In vivo dose-response curve relating the intravenous dose of recombinant TNF and the degree of VCAM-1 and E-selectin upregulation on pulmonary endothelial cells in mice. WT mice were injected intravenously with different doses of a recombinant TNF (R&D Systems; n ϭ 4/dose), and levels of pulmonary VCAM-1 and E-selectin expression were determined after 3.5 h by flow cytometry. Note that the MFI values of VCAM-1 and E-selectin obtained in the donor-recipient experiments (see Figure 5) correspond to a dose of 40-50 ng of the recombinant TNF.
were then substantially increased within 1 h after LPS challenge. This large and very rapid increase in lung monocyte number after LPS challenge, without any evidence of intraalveolar migration, suggests localization of these monocytes within the pulmonary microvasculature. Our findings are consistent with the previous study by Doherty and colleagues (40) in which LPS induced an immediate and sustained margination of ex vivo radiolabeled monocytes in the lungs of recipient rabbits. The mechanism of monocyte-preferential margination to the lung has been attributed to the unique anatomic structure of the pulmonary microvascular bed (40) . Monocytes as well as neutrophils must deform to pass through the narrow pulmonary capillary segments, and LPS produces physical stiffening of leukocytes by actin polymerization, leading to enhanced physical entrapment by the capillaries (42) (43) (44) . Continued retention of monocytes in the pulmonary circulation has been shown to involve CD18-dependent adhesion (40) .
We found that these monocytes marginated to the lung in response to LPS expressed much higher levels of memTNF and solTNF than the circulating monocytes. Ex vivo incubations with BB94 indicated an enhanced TNF production without impairment of memTNF cleavage (i.e., increased memTNF expression as well as solTNF release; see Figure 3B ). Because there is evidence that TNF production by monocytes can be enhanced by interactions with endothelial cells in vitro (45) , it is likely that a similar augmentation of monocyte activation occurs in vivo, leading to a more intense inflammatory signaling within the pulmonary microvasculature than in the central circulation. This discrepancy in activation status between lung-marginated and circulating monocytes is in agreement with the recently emerging concept of the paradoxic immunologic response during sepsis; that is, fluids and cells derived from local inflamed tissues are proinflammatory or hyperreactive to ex vivo stimuli, whereas plasma and circulating blood cells are often antiinflammatory or hyporeactive (46, 47) .
Using the donor-recipient model of pulmonary microvascular inflammation, we addressed two key questions: (1 ) to what extent are marginated monocytes, independent of the systemic MPS response, capable of inducing activation of pulmonary endothelial cells, and (2 ) how much of the endothelial response is mediated by local cell adhesion-associated TNF signaling. CAM upregulation, a crucial in vivo pathophysiologic step for neutrophil sequestration and organ injury in endotoxemia, was used as a marker of pulmonary microvascular inflammation and injury (48) (49) (50) (51) . The donor leukocyte suspensions underwent extensive washing-that is, each wash diluting any contaminant at least 20-to 30-fold and repeated four times-which should result in a more than 10 5 -fold reduction of the original LPS dose (0.1 g) used for ex vivo stimulation. Because our flow cytometry method cannot detect any CAM upregulation with intravenous LPS doses of less than 0.02 g, the observed CAM upregulation in recipient mice could not be explained by the effects of trace amounts of LPS in the injected cell suspensions. Despite the relatively small number of activated donor monocytes marginated to recipient lungs ‫ف(‬ 1 ϫ 10 5 cells, assuming 30% margination of injected donor monocytes to the lung), as compared with the endogenous monocyte number present after LPS injection (6-7 ϫ 10 5 cells), the results provided clear evidence that injection of WT donor leukocytes produced TNF-mediated CAM upregulation, using WT as well as TNF-receptor DKO mice as recipients (see Figure 5 ). Monocytes were the only cell population to produce TNF among the injected donor leukocytes, and therefore the observed effects should be ascribed to monocytemediated effects.
It is theoretically possible that the CAM upregulation observed in recipient mice could be due to circulating solTNF, produced either by the injected donor monocytes per se (marginated to the lung as well as other organ beds) or by the body MPS in response to cell transfusion. However, this possibility was effectively excluded because bioactive solTNF levels in recipient plasma induced by injection of WT donor leukocytes were considerably lower than the concentrations required to produce the observed CAM upregulation, as shown in Figure 6 . Furthermore, injection of TNF KI (memTNF ⌬/⌬ ) donor cells, which express only the TACE-uncleavable mutant memTNF molecules, produced small but significant CAM upregulation without evidence of systemic TNF release. Therefore, our results demonstrated that cell adhesion-dependent TNF signaling by lung-marginated monocytes can exert a significant physiologic impact on pulmonary microvascular inflammation. Comparison of CAM induction by WT and TNF KI donor cells revealed that lung-marginated monocytes contribute to pulmonary endothelial cell activation by a combination of both solTNF and memTNF signaling. It should be noted that expression of memTNF in KI mice is slightly reduced as compared with WT mice (29) , and this may be an additional reason for the lower levels of CAM upregulation induced by KI monocytes. The relative contribution of each form of TNF will presumably vary according to the rate of TNF production and levels of TACE activity, which is known to alter under inflammatory conditions (52) .
The present study used the well-characterized high-dose LPS bolus model of acute endotoxemia (5, 23, 40, 41, 53) . It is well known that the magnitude of systemic cytokine response in this model is exaggerated as compared with human sepsis or peritonitis model of sepsis in animals (54, 55) , and hence direct extrapolation of the results of the LPS bolus model to clinical sepsis and septic shock requires some caution. However, our findings would raise the possibility that local monocyte-mediated inflammation may play a significant role in pulmonary microvascular injury during sepsis. Consistent with this hypothesis, Hadjiminas and coworkers (56) reported that high and prolonged levels of TNF mRNA were localized to lung tissue in the absence of significant plasma TNF in the mouse cecal ligation and puncture model. Because plasma endotoxin is most likely responsible for stimulation of TNF production in these experiments, the data suggest the role of marginated intravascular monocytes as a potential source of TNF-mediated signaling in the lung in chronic models of sepsis.
Certain animal species, such as sheep and pigs, possess unique resident MPS cells within the pulmonary microvasculature, known as "pulmonary intravascular macrophages" (57) . These macrophages, adhered to pulmonary endothelia, respond vigorously to infection by phagocytosis and release of mediators, including TNF (58), and hence have been considered to play an important role in pathogenesis of endotoxemia-associated acute lung injury in these species (59) . Our findings suggest that in both rodents and humans, which do not have pulmonary intravascular macrophages, lung-marginated monocytes may potentially play a similar role to these specialized resident macrophages, regulating a critical early intravascular event in the lung with acute systemic inflammatory stimuli.
In summary, the present study provides direct in vivo evidence of "marginated" monocyte function in the lung in response to LPS, producing cell-associated, TNF-mediated activation of pulmonary microvascular endothelial cells. As compared with the conventional concept of systemic solTNF release initiating multiorgan propagation of the septic inflammatory response, the highly localized solTNF as well as memTNF signaling by lungmarginated monocytes may be an additional, or even the dominant, activating pathway, in the evolution of pulmonary microvascular injury during acute endotoxemia and potentially in the early phase of sepsis.
Conflict of Interest Statement :
None of the authors have a financial relationship with a commercial entity that has an interest in the subject of this manuscript.
